Introduction: American Heart Association guidelines recommend timely extracorporeal membrane oxygenation (ECMO) cannulation during cardiopulmonary resuscitation for pediatric cardiac arrest refractory to conventional resuscitation. Traditional cannulation training relies on the apprenticeship model. We hypothesized that a simulation-based ECMO cannulation curriculum featuring a novel integrated skills trainer would improve ECMO cannulation during cardiopulmonary resuscitation performance by cardiothoracic surgery trainees. Methods: An embedded surgical neck cannulation trainer, designed in collaboration with expert surgeons, formed the focus for a simulation-based cannulation curriculum. The course included a didactic presentation and 2 neck cannulations during cardiopulmonary resuscitation with video-assisted expert feedback with a further cannulation at 3 months. Primary outcome was time to cannulation on the trainer. Secondary outcomes were performance on a validated Global Rating Scale (GRS) of surgical technique and a novel Composite ECMO Cannulation Score (CECS). Results: Ten cardiothoracic surgery trainees participated. The trainer was rated as authentic, and sessions was rated as highly useful. Median time to cannulation decreased between cannulation 1 and 2 (15 minutes 24 seconds vs. 12 minutes 15 seconds, P = 0.002). Improvement was sustained at 3 months (13 minutes 36 seconds, P = 0.157 vs. attempt 2). Likewise, GRS increased significantly at attempt 2 versus 1 (77% vs. 62%, P = 0.003) as did CECS (88% vs. 52%, P = 0.002). No deterioration in GRS or CECS was measured at 3 months. Conclusions: Cardiothoracic surgery trainees found a contextualized ECMO cannulation during cardiopulmonary resuscitation cannulation curriculum to be highly useful and demonstrated sustained improvement in time to cannulation, CECS, and GRS. Further work will focus on determining the clinical impact of this training and defining the optimal interval and number of training sessions.
Thevol ume-outcome relationship for congenital heart surgery and the significant increase in mortality seen with even 1 postoperative complication 1,2 highlight the concerning highriskYlow-frequency nature of emergent extracorporeal membrane oxygenation (ECMO) cannulation. The 2010 American Heart Association Guidelines recommend consideration of ECMO cannulation during cardiopulmonary resuscitation (ECPR) for pediatric patients in cardiac arrest who are refractory to conventional therapies in institutions that have this capability. 3 Cannulation of infants and small pediatric patients for venoarterial ECMO is typically performed via the neck (internal jugular and carotid) or open chest (aorta and right atrial appendage) cannulation. Cannulation of vessels during chest compressions (CPR) significantly complicates the technical aspects of this procedure. In addition, rapid cannulation is essential because longer duration of CPR before initiation of ECMO flows has been shown to be associated in some studies with worse clinical outcomes, 4 making rapid cannulation essential. Thus, providers with the necessary skills to rapidly perform ECMO cannulation during CPR must be readily available at all hours to support an ECPR program with excellent outcomes.
Surgical cannulation for cardiac ECMO in our institution is performed by cardiac surgery trainees supervised and assisted by attending physicians, yet trainees often are first responders during ECPR events during off hours. Our center is considered a ''high-volume'' ECMO center with 40 to 50 ECMO runs per year, 50% of which represent ECPR cases. However, owing to service time limitations (3Y6 months rotation) and therefore limited exposures, no single trainee is likely to gain technical proficiency adequate to independently cannulate during off hours ECPR events. Furthermore, because the majority of trainees rotate from adult centers, few have significant previous exposure to infant neck or open chest cannulation.
Neonatal and pediatric cannulation training for ECMO has traditionally occurred via the apprenticeship model. The model is inherently limited by wide variability in volume of exposure and opportunities for both formative and summative feedback. Although effective in a controlled operating room setting, this model may not adequately support acquisition of clinical proficiency for trainees who may be relied upon to provide off hours, unsupervised cannulation during CPR, given the factors outlined previously. Although simulation-based models have been used to train cardio thoracic surgery trainees in open chest cannulation techniques for cardiopulmonary bypass, these models are typically isolated adult-sized animal hearts 5, 6 and do not authenticate an ECPR environment. Similarly, previously described simulation-based ECMO training has focused on team training and has lacked embedded surgical trainers capable of engaging the proceduralist. 7Y9 To address the volume-outcome relationship and optimize ECPR cannulation training, we therefore created and assessed a contextualized training curriculum with an embedded high-fidelity skills trainer that would address knowledge and skills and replicate unique features of ECPR cannulations, including performance in the high-stress resuscitation environment.
MATERIALS AND METHODS

Study Outline
Cardiothoracic surgery residents and pediatric cardiac surgery fellows rotating at Children's Hospital Boston for 3 months or longer participated in a longitudinal ECMO cannulation skills training program (Fig. 1) . The study was reviewed by the institutional review board, and need for informed consent was waived. Session 1 (time 0) involved (1) an uncoached attempt at infant neck cannulation using a specialized infant mannequin with integrated cannulation skills trainer followed by video-assisted debriefing by an attending pediatric cardiac surgeon; (2) a didactic presentation on veno-arterial ECMO and patient management during cannulation given by a pediatric cardiac intensivist; and (3) a second cannulation attempt and video-assisted debriefing. Trainees returned at 3 months for an uncoached cannulation attempt with subsequent debriefing.
All simulations were carried out in a dedicated simulation suite that closely resembled the cardiac intensive care unit environment. Scenarios began during full-scale simulated resuscitation of an infant cardiac arrest to best contextualize skills training by replicating conditions under which trainees would be required to perform real-life cannulations. Team management of the code event was carried out by a cardiac intensivist and ancillary personnel ''confederates'' (ie, nursing staff and respiratory therapy). One of 4 attending pediatric cardiac surgeons was present at all sessions and served as ''first assistant.'' This attending surgeon also served as debriefer and ''rater'' for the cannulation session. Attending surgeons did not prompt or offer guidance to trainees during the simulation.
ECMO Skills Trainer
Cannulations were performed on a high-fidelity embedded ECMO skills trainer formed by combining a novel en lay neck tissue/vessel cannulation site with a commercially available infant mannequin (Nursing Baby, Laerdal, Norway). The en lay trainer was created in collaboration with expert cardiothoracic surgeons and allowed for full tissue ''cutdown'' and cannulation of the internal jugular vein and carotid artery ( Fig. 2) accompanied by authentic ''bleeding.'' Plastique and Plexiglass molds were made to the exact anatomy of FIGURE 1. Flow of ECMO cannulation skills training study including interventions and assessments.
the neck of the infant mannequin. The trainer was prepared with siliconized tubing as arterial and venous vasculature surrounded by hydrogel matrix with the consistency and elasticity of human subcutaneous and fat tissue. The exposed surface ''skin'' was prepared from liquid rubber paints of varying densities to resemble infant skin. Dyed liquid (''blood'') reservoirs placed under hydrostatic pressure allow for realistic ''bleeding'' during cutdown, ligature, and cannulation. Validation studies of the trainer were carried out by comparing first attempt cannulation times for experienced attending cardiac surgeons to those of cardiac surgery trainees.
Data Collection
Participant demographics were obtained regarding years of training, previous involvement in infant neck cannulation with or without CPR, and degree of comfort with ECMO cannulation before training. Follow-up questionnaires were used to assess number of interval real-life cannulations between the first and second training sessions, comfort with infant neck cannulation, and perceptions of the training program (see Questionnaires: Supplemental Digital Content 1, http://links.lww.com/SIH/A74; Supplemental Digital Content 2, http://links.lww.com/SIH/A75; Supplemental Digital Content 3, http://links.lww.com/SIH/A76).
Effectiveness of the training program was assessed through a series of outcome measures at each cannulation attempt (Fig. 1) . The primary outcome variable was time elapsed to cannulation in the simulator setting as measured from opening of the surgical instrument tray through to connection of cannulas to ECMO circuit and request for initiation of flows.
Each cannulation attempt was reviewed by an attending cardiothoracic surgeon who scored participants on both a previously validated Global Rating Scale (GRS) 10 and novel Composite ECMO Cannulation Score (CECS) ( Table 1 ). The GRS was used unmodified from that published by Reznick et al. 10 Scoring was performed at the time of cannulation session based on real-time observations rather than video review. The CECS was developed via expert consensus among 5 pediatric cardiac surgeons with a combined 63 years of practice in pediatric cardiac surgery and infant neck cannulation as well as 2 pediatric cardiac intensivists. Composite ECMO Cannulation Score evaluated essential technical components of ECMO cannulation, patient management specific to emergent ECMO cannulation, and relevant hospital policy and procedure to which trainees had previously been oriented outside of this training program. A pilot session was conducted in which a cannulation was performed by a cardiac surgery trainee. The cannulation was timed and rated by 2 attending cardiac surgeons. After the rating, the CECS was revised based on feedback from the trainee and 2 attending surgeons to increase specificity of several rating items to allow for unambiguous rating. For example, the item ''alerts appropriate support personnel'' was expanded to 4 items, specifying the specific support personnel to be notified (attending, senior fellow, ECMO pager, and blood bank) ( Table 1 ). The revised CECS was then re-reviewed by the full expert panel before full implementation in the study.
Four attending pediatric cardiac surgeons participated as faculty for the training program and completed training on use of the CECS before training and scoring participants.
During this training session, 2 faculty members performed cannulations and were both timed and rated by a colleague using the CECS and the GRS. Each item on the CECS was then reviewed by the group, and appropriate ratings for each of the cannulation attempts were discussed. Construct validity of the CECS was assessed by comparing scores on first cannulation attempt between experienced cardiothoracic surgeons and trainees. As part of this training session, faculty members were instructed on their role as first assistant during the study sessions, with explicit instructions not to coach participants during cannulation attempts.
Statistical Analysis
Data were analyzed using the statistical software package SPSS 19 (IBM, Armonk, NY). Mann-Whitney U test was used to evaluate differences between attending surgeons and trainees cannulation times on first cannulation attempt. Repeated-measures analysis of variance was used to evaluate overall differences in time to cannulation, surgical GRS, and CECS between all cannulation attempts. Post hoc analysis evaluated differences between cannulation attempt 1 and 2 using Friedman's test. Comparison was likewise made between attempts 2 and 3 to determine if differences seen at attempt 2 were sustained at attempt 3. Statistical significance was set at P G 0.05 when comparing 2 groups (eg, pretraining and posttraining evaluations by participants were compared using the Wilcoxon signed rank test). However, when using multiple comparisons within a group, a Bonferonni correction was used (ie, between cannulation attempts 1 and 2 as well as 1 and 3), and statistical significance was set at P G 0.03.
RESULTS
Validation of Integrated Skills Trainer and CECS
Construct validity of the integrated cannulation skills trainer and CECS were assessed through comparison of performance on first cannulation attempts for experienced attending cardiac surgeons and trainees. Mean cannulation time on first attempt was 8 minutes 55 seconds for attending cardiac surgeons and 16 minutes 24 seconds for trainees. The distribution of cannulation times differed significantly between attending cardiac surgeons and trainees (P = 0.03), supporting the construct validity of the integrated skills trainer. Likewise, CECS differed significantly on first cannulation attempt (P = 0.04), with a mean CECS of 19.5 for experienced cardiac surgeons and 14 for trainees.
Participant Demographics and Program Evaluations
Ten cardiothoracic surgery trainees participated in the training program. One trainee had moved on to another center and did not return for 3-month follow-up. For 1 participant, data at 3-month follow-up were discarded, secondary to technical difficulties with the simulator. Participant demographics and baseline experience are shown in Table 2 . Participants had completed a minimum of 5 years of general surgery training, and most had 1 year or more of training in cardiothoracic surgery. Five participants were pediatric cardiac surgery fellows, 2 of whom had 1 or more previous years of pediatric-specific training. The remaining 5 participants were general cardiothoracic surgery residents participating in a 3 to 6 month pediatric cardiac surgery rotation. These residents had no previous pediatric cardiac surgery training. Previous experience with infant ECMO cannulation during CPR was likewise limited to only 2 of the pediatric cardiac surgery fellows.
Participants rated the training program highly (4 [very] or 5 [extremely] on scale of 1Y5) in both utility as well as environmental and physiologic realism of the simulator. The median rating of the realism of the skills trainer was 3.5 on a 5-point Likert scale, falling between ''somewhat realistic'' and ''very realistic'' (Fig. 3) . Participants' ranking of individual components of the training program reported one-on-one debriefing with an attending surgeon most highly followed by the opportunity to practice cannulation during a simulated code, practice on the skills trainer, and lastly, the didactic presentation. Although participants cited no change in their anxiety regarding participation as surgeon or first assistant during ECPR events, they felt better prepared to serve in both of these roles (P = 0.008 for surgeon, P = 0.004 for first assistant) when surveyed just before the final simulation session.
Cannulation Performance of Participants Over Time
Time to full cannulation and establishment of ECMO flows in the simulated environment was significantly different across the 3 cannulation attempts (P G 0.001). Post hoc analysis demonstrated that time to cannulation decreased significantly between the cannulation attempts 1 and 2 in the first training session (15 minutes 24 seconds vs. 12 minutes 15 seconds, P = 0.002) (Fig. 4) . There was no difference in cannulation times between the second and third attempt at a 3-month interval (12 minutes 15 seconds vs. 13 minutes 36 seconds, P = 0.157). Subgroup analysis also demonstrated no difference in times between the second and third attempts for both trainees who had intervening exposure to real-life ECMO cannulations and those who did not. Similarly, there was a statistically significant improvement in both the General Surgical GRS (62% vs. 77%, P = 0.003) and the CECS (52% vs. 88%, P = 0.002) between the first and second cannulation attempts. Global Rating Scale (Fig. 5A) and CECS (Fig. 5B ) scores were both maintained at 3 months.
DISCUSSION
Survival after in-hospital cardiac arrest in infants and children may be significantly improved through proper use of ECMO during CPR refractory to standard resuscitation. However, establishment of a safe and effective ECPR program requires the presence of providers with adequate technical and team skills to cannulate infants and neonates in a timely fashion. We created a contextualized simulation-based curricular package to address the volume-outcome relationship in ECMO cannulation by providing deliberative practice opportunities to providers with otherwise little experience in infant ECMO cannulation and, in particular, ECPR. To accomplish this, we developed a novel integrated infant neck vessel cannulation trainer that allows all steps of surgical cutdown. In addition to teaching technical skills, the program emphasized teamwork and patient management and also reinforced institutional protocols during ECPR. We sought to assess the effectiveness of the curricular package via changes in proficiency in both the immediate and delayed setting. To the best of our knowledge, this is the first description of a contextualized simulation-based ECMO cannulation skills training program of this type. Work hour restrictions, increasing societal expectations for senior level involvement at the bedside, heightened awareness of patient safety issues, and changes in medical education toward competency-based training have challenged traditional models of training and generated significant interest and activity in simulation-based education in cardiac surgery. Established cardiac surgery training models have for the most part been limited to adult procedures within the context of skills-focused ''boot camp'' strategies. 5, 6, 14, 15 Although bench top surgical skills training has been shown to improve technical skills in the clinical environment, 16Y18 such training does not give participants explicit experience in handling the additional stressors of the operating room. 19, 20 Studies have demonstrated that time pressure, noise, and other distractions impair dexterity and increase errors 21, 22 and, furthermore, that surgeons with greater experience and technical facility are better able to manage these stressors. 22 Fully contextualized cannulation training, although intuitively attractive, has been limited by availability of adequate integrated trainers. Our curriculum included such a trainer and taught infant neck cannulation skills through fully immersive simulation. Participants rated both the physiology and the environment of the training program as realistic and highlighted the opportunity to practice cannulation within a code setting above training on the device itself. A possible reason for this is that training during a code event may have allowed trainees opportunities not only to learn procedural steps but also more integrative skills. Consistent with Bloom's Taxonomy of Learning, development of surgical expertise occurs in stages, with earlier stages focused on learning individual steps of a procedure and achievement of automaticity and later stages focused on ability to integrate technical skills, knowledge, and cognitive processes (decision making, communication) and adapt based on changing circumstances. 23, 24 We found time to cannulation to decrease significantly between first and second attempts and, more importantly, this effect was maintained at 3 months after training. Although initial improvements may have been due to a familiarity effect, sustained improvement at 3 months begins to shed light on the durability of learning and the so-called doseresponse curve of simulation. Although the literature broadly supports deliberative practice across multiple time points as well as training to proficiency, 25,26 the actual dose-response relationship of simulation on knowledge acquisition and retention remains unclear. 17 Within the training cohort, only 2 participants gained experience as primary surgeon during ECPR, and 2 additional trainees gained experience as first assistant during the interval between trainings (data not shown). In addition, subgroup analysis demonstrated no difference in time to cannulation between attempts 2 and 3 for both trainees with and without intervening clinical exposure to live ECMO cannulation. Therefore, clinical exposure was unlikely to have been an important factor in the maintenance of skills. More likely was the structure of the educational program, which included key elements of deliberate practice 27 associated with successful outcomes of simulation-based training programs, 28 namely repetitive exposures separated by immediate expert feedback. In fact, participants ranked one-on-one feedback from an attending surgeon most highly of all elements of the program.
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In addition to time efficiency, improvements were also measured in more global aspects of team-based cannulation, as assessed by GRS and CECS. The CECS was designed to capture elements of cannulation that are essential to safe and effective practice and that are otherwise not captured by a time-based score aloneVelements include hospital policy and procedure (eg, time out procedure before flow initiation), management of pauses in CPR, and assessment of adequacy of circuit function with initiation of flows. Surgical proficiency is composed of several interrelated components including dexterity, knowledge, and judgment. 29 In our study, time to cannulation may have represented a marker of dexterity, whereas the CECS captured knowledge and judgment. Establishment of technical proficiency even on low-fidelity simulators has been shown to improve ability to attend to other aspects of surgical expertise, such as clinical judgment and team interactions, in the actual operating room environment. 16 Expert proceduralists have acquired automaticity of technical skills that allows greater situational awareness and attention to other tasks. 30 Similarly, pretraining of novices on a task in a simulation environment increased technical skills as well as the ability to recall unrelated clinical information presented concurrent with task performance, supporting the notion that those who had pretrained had more attentional resources to devote to concurrent cognitive tasks. 31 Thus, although we cannot determine from this study if improvements in cannulation time in the simulator will translate to shorter times at the bedside, the finding of improvement in CECS may suggest a greater degree of technical proficiency that will, in turn, allow for improved attention to nontechnical tasks, which are critical during emergent ECMO cannulation.
This study represents a pilot evaluation of the efficacy of clinically contextualized surgical skills training and practice on performance in the simulator. As such, it has several limitations, including small sample size as well as potential confounding effects of increased familiarity with the skills trainer itself on overall performance. However, improvements seen in both GRS and CECS suggest broader benefit of the training program on more global markers of surgical proficiency that cannot be accounted for by familiarity with the trainer alone. An additional limitation of the study is that it does not seek to directly measure improvement in the clinical environment. The unscheduled nature of emergent ECMO cannulation make it difficult to directly observe clinical performance to measure the outcomes addressed in this study. In addition, although the number of ECPR cannulations at our hospital is relatively large compared with other institutions, in absolute terms, the numbers are small, limiting statistical power to show differences between pretraining and posttraining. Lastly, there is a potential limitation of rater bias in this study given that the attending cardiac surgeon who acted as first assistant during study sessions also served as the rater. Practical time constraints prevented us from having multiple cardiac surgery staff involved in each study session. We attempted to mitigate this bias as much as possible via a structured training process for attending surgeons as well as the design of the CECS to be an objective scoring system.
In summary, we have demonstrated that a novel contextualized ECMO cannulation training curriculum containing a high-fidelity surgical trainer can increase both cannulation skills as well as more global measures of proficiency for cardiac surgery trainees and that these improvements are sustained over time. The curriculum package leveraged clinically contextualized surgical skills training via highfidelity environment and engagement of the native team of caregivers 32 The opportunity to train in a risk-free environment may be of particular importance to proceduralists performing interventions with minute margins for error, such as ECPR cannulations. Future work will be directed at investigating whether such contextualized simulation-based training translates to improvement in patient outcomes.
